ABSTRACT When zeaxanthin ([3R,3R']- (,B,,-carotene-3,3'diol) 
INTRODUCTION
Although Raman spectroscopy has been widely applied to the study of phospholipid conformation in model membrane systems (1, 2, and references contained therein), only a few reports dealing with natural membranes or their lipid extracts have appeared (3) (4) (5) (6) . The main reason for this scarcity of results is the presence of trace fluorescent components in natural systems. Under such conditions, the weak Raman spectrum from the phospholipids is completely lost within the broad fluorescent emission background from the sample. Although there are specific Raman spectroscopic techniques for discriminating against fluorescence (coherent anti-stokes Raman scattering [7] , gated detection [8] , etc.) being developed, these approaches are likely to be expensive and not generally available in the immediate future.
To extend the applicability of Raman spectroscopy to natural membranes, it was decided to seek a resonance Raman experiment to monitor phospholipid conformation. The advantages of such an approach are: (a) Since the resonance Raman signals may be enhanced by factors of 104-107 from the nonresonance case, the molar intensity of Raman scattering becomes similar to that of fluorescence. The occurrence of a broad fluorescent background does not then overly complicate the (much sharper) Raman spectrum. (b) Whereas other physical techniques require optically homogeneous samples, Raman and resonance Raman spectra are readily obtained from optically inhomogeneous preparations such as membrane films or fragments.
For a chromophore-containing molecule to be useful as a resonance Raman probe of membrane structure, it must satisfy several criteria: (a) It must have a strong resonance Raman spectrum. (b) The resonance Raman spectrum and therefore the visible absorption spectrum must change in response to conformational changes in the membrane phospholipids. (c) The insertion of an external chromophore must not overly perturb the physical properties of the system under investigation. (d) The partitioning of the probe molecule into regions of particular order in a membrane must be understood.
Two preliminary resonance Raman studies pertaining to this topic have appeared. Bunow and Levin (9) inserted the channel-forming antibiotic amphotericin B into model membrane systems consisting of dimyristoyl lecithin (DMPC) and DMPC-cholesterol multilayers. In the former, the resonance Raman intensity of the C=-C vibrations of the amphotericin B polyene chain was unchanged during the DMPC gel-liquid crystal phase transition. Alterations were noted in the amphotericin spectrum during the broadened phase separation in the DMPCcholesterol system. The differences in the antibiotic response in the two model systems reflected low penetration of the molecule into the hydrophobic regions of the cholesterol-free system. Amphotericin B is clearly not suited as a general probe of phospholipid order.
Wallach and Verma (10) BIOPHYSICAL JOURNAL VOLUME 27 1979 moiety. The selection of zeaxanthin ([3R,3R'],#,4,-carotene-3-3' diol; structure shown in Fig. 1 ) as a potential resonance Raman probe was motivated by the following: (a) Carey and co-workers (11) and Hager (12) demonstrated large changes in the carotenoid visible absorption spectrum upon addition of water to organic solvent solutions of the molecule. (b) Recently, Yamamoto and Bangham (13) showed that similar spectral changes occurred when zeaxanthin was inserted into one component phospholipid suspensions, when the latter were taken through their gel-liquid crystal phase transitions.
In the current work, we demonstrate that zeaxanthin satisfies criteria a-d above for a resonance Raman spectroscopic probe reasonably well. The phospholipids chosen to demonstrate this are dipalmitoylphosphatidylcholine (DPPC), distearoylphosphatidylcholine (DSPC), and binary mixtures of the two. The utility of the technique for naturally occurring systems is demonstrated for a phospholipid extract of Neurospora crassa cel-membranes, which contains fluorescent components, is optically inhomogeneous, and has phase transitions below OOC. It is therefore not easy to study with other physical techniques (such as fluorescence or NMR spectroscopy), and is especially difficult with the ordinary Raman effect. Samples for spectroscopic study were prepared by adding 0.2 ,umol of zeaxanthin in CHC13 to about 7.6 mg of phospholipid in CHC13 at the desired DPPC:DSPC mole ratio. 
EXPERIMENTAL

Raman Spectroscopy
Our Raman spectroscopic apparatus has been described previously (16) . Zeaxanthin in acetone or acetone-water solution was examined by using rotating cell techniques (17) , and 20-30 mW of 4,880-A excitation from an Ar+ laser. Phospholipids containing zeaxanthin were injected into melting point capillaries (1 mm i.d.), which were thermostatted in a massive brass block similar to that described by Thomas and Barylski (18) . Samples were examined in the transverse mode with only 2-5 mW of laser power for excitation. Power levels of 20 mW led to the gradual loss of intensity of bands arising from the zeaxanthin, indicating that under these conditions, the zeaxanthin was being photochemically altered in the laser beam. For samples of phospholipids free from zeaxanthin, power levels of about 300 mW were used. The Raman intensity of the carotenoid vibrations was compared with that of the symmetric stretching mode of C104 ion, at 936 cm-', which was used as an internal standard. Spectra were scanned several times under a given set of conditions and showed carotenoid intensities measurable with a precision of about 5%. Intensities were approximated from peak height measurements. No trend toward sample deterioration was noted except in the case of DSPC/zeaxanthin, where data collected at temperatures above 600C indicated that carotenoid deterioration took place to a small but measureable extent.
The lipid extract from Neurospora crassa (with Tm below 0°C) was examined with the capillary set in an unsilvered glass Dewar flask. Temperature control was achieved by blowing cold nitrogen over the sample and was monitored with a thermistor probe placed in the path of the gas. Temperature accuracy is estimated at ± 1 C.
Since internal intensity standards are not reliable for measurements below 0°C for membrane fragments, the phase behavior of the Neurospora phospholipid extract was followed by monitoring v(C=C) of the zeaxanthin. Excellent frequency data (average precision about 0.3 cm-'), could be obtained for this sharp spectral feature, by interpolation of the carotenoid band position between two atomic emission lines from a neon lamp. This procedure was followed for each measurement. Duplicate values were obtained at each temperature.
RESULTS AND DISCUSSION
Zeaxanthin Aggregation in Acetone-Water Mixtures Visible absorption spectra for zeaxanthin in acetone and acetone/water (1:9 vol:vol) solutions are shown in Fig. 1 . The large shift in X,,x from 455 to 403 nm that occurs on H20 addition ( Fig. 1 ) has also been noted by Carey and co-workers (1 1), who attributed the phenomenon to aggregation of the carotenoid. Their conclusion was based, in part, on measurements of the C==C stretching mode in the zeaxanthin resonance Raman spectrum. It was expected that the large blue shift in Xmax would be accompanied by an increase in v(C==C) in the resonance Raman spectrum consistent with decreased delocalization of the ir electron system. However, the blue shift in X. was accompanied by a 6-cm-' decrease in v(C=C) from 1,526 to 1,520 cm-'. In addition, Carey et al. were able to collect by centrifugation the species with Xmax = 403 nm. It was therefore concluded that carotenoid aggregation occurred on the addition of water, producing the observed visible absorption, resonance Raman, and ultracentrifugation characteristics. According to the description of the aggregation absorption process given by Kasha et al. (19) , the blue shift in Xmax indicates exciton formation with parallel transition dipoles in the aggregate.
The large changes in the visible absorption spectrum are expected to be accompanied by parallel changes in resonance Raman intensity of the carotenoid (20) . To demonstrate this, zeaxanthin aggregation in acetone-water was monitored with resonance Raman spectroscopy. Of interest in the current work are the intense features that appear in all carotenoid spectra at about 1,520 and 1,160 cm-', which arise from C==C and C-C stretching modes, respectively, in the polyene chain (Fig. 2) . The C-C stretching intensity variation was monitored as a function of added water. The nonresonance enhanced acetone vibration near 785 cm-' was used as an internal standard against which the C-C intensity of the carotenoid was compared. Typical results are shown in Fig. 3 . The large change in Raman intensity at 40-50% added H20 is indicative of the onset of aggregation. A shift in the absorption spectrum occurred at the same acetone:water ratio. The Raman intensity from 0-90% added water was decreased by a factor of 150-200. This decrease in intensity is expected since the absorbance of the carotenoid at the wavelength of excitation (4,880 A) is much lower in the aggregate than in the monomer. The large variation in intensity illustrates the sensitivity of the resonance Raman approach for monitoring changes in a chromophoric system.
Zexanthin Aggregation in DPPC, DSPC, and DPPC-DSPC Binary Mixtures
The potential use of zeaxanthin aggregation as a resonance Raman and visible spectroscopic probe of membrane phase behavior was tested in sonicated vesicles of DPPC, DSPC, and binary mixtures of the two. In these experiments, the carotenoid phospholipid mixtures were sonicated to render them optically suitable for absorption spectroscopy. The symmetric stretching mode of the perchlorate ion at 936 cm-' was used as a nonresonance-enhanced internal standard for the Raman intensity measurements. Sodium sulphate was found unsuitable for this purpose, as it induced aggregation of the sonicated vesicles. The resonance Raman spectrum of zeaxanthin inserted into DPPC suspensions is shown in Fig. 2 . The data, obtained at 3 mW of laser power, are typical of the worst recorded. FIGURE 2 Typical resonance Raman spectrum of zeaxanthin. The carotenoid was inserted into DPPC multilayers (carotenoid:phospholipid molar ratio 55:1). Spectrum taken at 220C. Spectral parameters: excitation wavelength 4,880 A, excitation power -3 mW, spectral slit width -6 cm-', scan speed 0.5 cm '/s. The C==C peak at 1,521 cm-' has an intensity corresponding to about 3,000 cps. The band at 936 cm' arises from C104-which was present as NaCl04 at 0.6 M. Spectra of zeaxanthin in acetone/H20 solution had peak signal:noise ratios significantly better than the spectrum shown here. The absorption spectral data for zeaxanthin in sonicated DPPC is dependent on the phospholipid:carotenoid molar ratio in the vesicles. This phenomenon is illustrated in Fig. 4 (13) . When the phospholipid:carotenoid ratio is increased to 50:1 the absorption spectrum is red-shifted with X., at 430 nm. Above Tm for DPPC, a further shift in the absorption spectrum is noted, with the resultant spectrum resembling that of the monomer of zeaxanthin in acetone solution, except for the loss of some fine structure (compare Fig. 4 with Fig. 1 ). The concentrationdependent shift in X.ax below Tm is not observed for DSPC at these concentration levels. The carotenoid spectrum in gel state DSPC (50:1 molar ratio) has X., acetone-water solutions and in phospholipid suspensions, lead us to suggest that the carotenoid molecule responds to changes in phospholipid hydrocarbon chain order, by undergoing an aggregation-disaggregation process in the model membrane similar to the one occurring in acetone-water solution. This interpretation does not require the invoking of a conformational change in the zeaxanthin, as has been previously suggested (13) . If the above interpretation is correct, the origin of the concentration dependent shift in the zeaxanthin-containing DPPC may be related to the imperfect packing of the phospholipid hydrocarbon chains in the small vesicle preparations used in the current work (2) . The extensive noncooperative formation of gauche rotamers below Tm in such systems (2) may cause some carotenoid at low concentrations to partition into disordered regions of DPPC vesicles. This shifts X., so that the resultant absorption spectrum is a linear combination of remaining aggregated carotenoid spectrum plus spectrum of monomer that has formed in the fluid regions of DPPC. Computer simulations involving additions of the absorption spectra of the monomer and the aggregate (R. Mendelsohn and W. Castner, unpublished work) are consistent with this interpretation.
The temperature dependence of the resonance Raman intensity for zeaxanthin in DPPC vesicles measured by I 1160:936 is shown in Fig. 5 . A clear melting region is noted with a transition range of 38-420 in reasonable agreement with that measured by other techniques (2) . The magnitude of the intensity variation in the resonance Raman spectrum is only a factor of 2 as compared with a factor of 150-200 observed for the carotenoid aggregationdisaggregation in acetone-water solution. This difference is attributed to the formation of carotenoid monomer in DPPC vesicles below Tm alluded to previously. Since most of the Raman intensity at 4880-A excitation is derived from zeaxanthin monomer, the factor of 2 intensity increase at Tm suggests that about 50% of the carotenoid is in monomer form below the onset temperature at 50:1 phospholipid:carotenoid ratios. The factor of 150-200 variation in the resonance Raman intensity for zeaxanthin aggregation in acetone-water suggests that at 90% H20 the aggregation is (nearly) complete. To verify that the insertion of zeaxanthin into phospholipid suspensions under the conditions of the experiment does not extensively perturb the DPPC phase transition, the resonance Raman intensity data for DPPCzeaxanthin was compared to nonresonance Raman data for sonicated DPPC vesicles in Fig. 5 . Two nonresonance Raman parameters have been widely used to characterize DPPC melting (2, 22) . Hydrocarbon chains of the phospholipid give rise to strong conformation-dependent Raman bands. The C-C stretching mode at 1,130 cm-is associated with chains in the all-trans conformation, while the feature at 1,100 cm-is derived from hydrocarbon chains containing gauche rotations. The 1 1,130:1,100 intensity ratio quantitively measures the number of phospholipid hydrocarbon chain segments in the all-trans conformation (2). The 2,880:2,850 intensity ratio, derived from chain C-H stretching modes, responds to changes in both the lateral packing of the chains and the trans-gauche population ratio. The temperature-induced changes in these spectral regions for the DPPC vesicles used in the current work are shown in Fig. 5 . They have been discussed elsewhere in detail (2, 23) . The 1,130:1,100 ratio shows a rapid variation at the main transition centered at 41 OC. The trend of the data in the 30-350 range is consistent with a small fraction of the vesicles undergoing a premelting process. Since sonicated preparations normally do not undergo pretransitions (24) , it is possible that aggregation occurred to a slight extent during the time (8 h) required for a melting curve determination by Raman spectroscopy. Also seen is the noncooperative formation of gauche rotamers between 10-30°C as indicated by variation in the intensity parameter from 1.6 to 1.1. The resonance Raman data for zeaxanthin in DPPC are compared with nonresonance data in Fig. 5 . The similarities in the onset and completion temperatures for the main transition as measured by zeaxanthin aggregation-disaggregation (resonance Raman) or by direct observation of gauche rotamer formation (I 1,130:1,100) suggests that there is no extensive perturbation of phospholipid phase behavior by the carotenoid molecule. However, the resonance Raman parameter does not respond to the noncooperative formation of gauche rotamers below Tm, as I 1,160:936 is constant between 100 and 300C. Zeaxanthin either inhibits the noncooperative formation of gauche rotamers or requires cooperative gauche rotamer formation to undergo further monomer formation. Using turbidity measurements on multilamellar liposomes, Yamamoto and Bangham (13) have seen a slight perturbation in the DPPC melting profile in 25:1 phospholipid:zeaxanthin mole ratio preparations. The effect was greatest in the premelt region which is (nearly) abolished in the current work by the sonication procedures. Resonance Raman data for zeaxanthin in DSPC vesicles exhibit onset and completion temperatures of 50 ± 20C and 54 ± 20C, respectively, as measured by the 1,160:936 intensity ratio.
The phase transitions in DPPC and DSPC have also been monitored using visible absorption data, and the results are shown in Fig. 6 . The phase transitions in DSPC and DPPC were monitored via alterations in the 455:407-and 455:430-nm intensity ratios, respectively. Different parameters were used in each instance because the formation of zeaxanthin monomer in DPPC leads to Xmax at 430 nm, as previously discussed. The onset and completion temperatures, as measured by visible spectroscopy, are in good agreement with the resonance Raman data. In addition, melting curves for DPPC containing zeaxanthin in a 12:1 phospholipid:carotenoid mole ratio were constructed by using the 455:407-nm intensity ratio as a probe. Onset and completion temperatures were the same as for the 55:1 DPPC:zeaxanthin system measured by using I 455:430. These data suggest that the carotenoid levels used here do not perturb the phase characteristics of the phospholipids, and furthermore that the perchlorate ion used as an internal intensity standard in the resonance does not affect the melting profiles in one-component phospholipid systems, as the results in Fig. 6 were obtained for samples lacking perchlorate. Before using this method for phase transition studies in natural membranes and their lipid extracts, it is necessary to test the method in model systems that possess phase properties resembling those in vivo. Phase transitions (separations) in bacterial membranes and their lipid extracts are broadened from the essentially first-order characteristics observed in one-component systems, as expected from thermodynamic considerations (25) . The membranes are viable only in temperature regions where the gel and liquid crystal phases coexist; i.e., at temperatures "within" the phase separation region. The simplest phospholipid systems can mimic the phase behavior of bacterial membranes are binary mixtures. Phase diagrams for the latter have been reported by several groups using diverse approaches such as ESR (26, 27) , differential scanning calorimetry (15, 28, 29) and fluorescence (30, 31) . The DPPC-DSPC system chosen in the current work to test the zeaxanthin aggregation has been studied by Shimshick and McConnell (26) , who used as a probe partitioning of a 2,2,6,6-tetramethylpiperidine-l-oxyl (TEMPO) spin label into fluid regions of the mixture. The phase diagram constructed from visible or resonance Raman data in the current work can be compared directly with the earlier studies to evaluate the perturbations caused by the probe molecule.
.30.'~~~~~2 0 4>J TEMPERATURE (t) FIGURE 7 Temperature-induced variation in the resonance Raman spectrum as measured by I (26) .
The ESR and visible absorption data for the binary systems are in reasonable agreement, the average deviations between the two approaches in general being 1 /2-20. These discrepancies, along with the broadened melting regions of the one-component systems as measured from absorption spectroscopy, can be explained on the basis that sonicated samples were used in the current study while multilamellar vesicles were used in the ESR experiments. In addition, the TEMPO spin label method may itself suffer from inaccuracies.
The completion temperatures as determined from the resonance Raman spectroscopic data (Fig. 8) agree with the other approaches. However, the onset temperatures for phase separation in the samples with 33 and 50 wt % DSPC are reduced by ...40 from the other two approaches. The explanation for this is unclear. It is unlikely that local heating in the sample caused by the laser (which would produce a low onset temperature) is responsible since very low power levels were used, and not all samples showed the problem. It is possible that the high levels of NaClO4 (0.6 M) could affect certain regions of the phase diagram in the binary mixture. These as yet unexplained deviations between the resonance Raman and other approaches limit the accuracy of the phase diagram constructed from intensity data.
A question of importance for the use of this approach to monitor phase behavior in natural membranes is the quantitative estimation of the amount of carotenoid that partitions into either gel or liquid crystal phase lipid in systems where both phases are present. An attempt was made to directly measure this quantity along the lines used by Sklar et al. (31) for parinaric acid. Zeaxanthin was mixed with DPPC vesicles (450C, liquid liquid crystal state) and allowed to mix with DSPC vesicles at the same temperature (gel phase). It was hoped that the carotenoid would equilibrate between the gel state DSPC and the liquid crystalline DPPC. These experiments were unsuccessful (as were ones in which the carotenoid was inserted into DSPC initially), presumably because of the insolubility of the carotenoid in water, which inhibits the attainment of equilibrium. We are currently addressing this question of partitioning using a combination of the phase diagram of the binary lipid mixture and computer simulation of the absorption spectra in the region of phase separation. It is clear that the partition coefficients are such that the presence of small amounts of one phase of phospholipid in the presence of a large excess of a second phase is insufficient to induce complete transfer of the carotenoid into the lower concentration phase. For example, if a trace of liquid crystal phospholipid induced the zeaxanthin to partition (in monomer form) completely into it, then measurements of phase transitions would sense only the onset temperatures and would always have the same transition width. Since the observed transition widths are quite broad and variable (4-80C), the carotenoid must not exclusively partition into either ordered or disordered phospholipid phases when both are present.
It appears that zeaxanthin satisfies the four criteria set out earlier for a resonance Raman probe subject to the following limitations:
(a) Occasional low onset temperatures limit the accuracy in determination of the midpoint of the transition. The origin of the uncertainty may be resolved in future studies. (b) In natural systems, it is not clear how the presence of protein will affect the zeaxanthin aggregation mechanism. Thus a variety of experiments at various lipid:protein ratios are necessary to calibrate the method in 3-component systems.
Zeaxanthin Aggregation in a Lipid Extract from Neurospora crassa Membranes As an initial demonstration of utility of this method for monitoring phase properties of natural membranes, carotenoid aggregation has been studied in phospholipids extracted from a Neurospora crassa cel-mutant. Zeaxanthin was added to the lipid extract in a phospholipid:carotenoid molar ratio of 55:1. Since it was expected that Tm for this system was below 0°C, an approach to the resonance Raman experiment different from the measurement of intensity variation used previously had to be adopted. (It is difficult to find a suitable Raman internal intensity standard for a membrane suspension in which the temperature has to be taken through 0OC.) As an alternative approach, we have monitored the variation in the zeaxanthin C=C stretching frequency that was found by Carey et al. ( 11) (and confirmed by us) to vary from 1,526 cm-' in the monomer to 1,520 cm-' in the aggregate. To obtain reproducible measurements so that this small variation in vC==C could be used to construct a melting curve, the procedure as described in the Experimental section had to be followed rigorously. The melting profile for the lipid extract is shown in Fig. 9 (Fig. 9) , it is possible to monitor this change with a precision of 0.3-0.5 cm-', so that useful melting curves can be obtained. Current studies are focused on finding a suitable internal standard for Raman intensity measurements in optically opaque systems. These would be useful since the intensity change during a transition is about a factor of [2] [3] [4] (Fig. 7) CONCLUSIONS (a) The aggregation/disaggregation of zeaxanthin is controlled by the conformation of the phospholipid hydrocarbon chains into which the carotenoid is inserted. The large changes produced in both the visible absorption and the resonance Raman spectra permit this phenomenon to be used as a phospholipid structure probe. (b) The presence of carotenoid at the levels used in the current work does not overly perturb the phase behavior of the phospholipids. (c) Fluorescent components need not be rigorously excluded from the membrane preparations to obtain resonance Raman data. Thus the scope of the current approach is broader than ordinary Raman measurements, and can be extended to encompass a wide variety of natural membranes and/or their lipid extracts. The resonance Raman approach, unlike absorption or fluorescence spectroscopy, can sample optically inhomogeneous preparations such as membrane fragments.
